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ABSTRACT
3
Fault plane solutions (FPS) of 308 earthquakes, with largest magnitude of 2.1, 
occupying a 16 km3 volume below 6 km depth, were inverted for principal stress 
directions near Redoubt volcano, during 1989-1991. On average, FPS were computed 
with 9 P-wave readings, inversions performed with 50 FPS, yielding misfits of 6.5° and, 
the size of the 95% confidence regions of stress directions is 30°. During the 1989-1990 
eruptions, stresses were typically: sub-horizontal 07 and cr? striking SE-NW and SW-NE, 
respectively, and near-vertical crJ; whereas in July 1991 we found: near-vertical 07 , and 
sub-horizontal a2 and 03 striking SE-NW and SW-NE, respectively. We found 
differences in plunge of 07 , up to 6 8°, between 1990 and 1991, and subvolumes with 
different stress at the 99% confidence level, evaluated with the z test. We speculate that 
expansion and contraction of a magma body increased and subsequently reduced the 
stresses at Redoubt.
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1. Introduction
Seismic signals recorded at volcanoes have been used extensively to model processes 
that occur before, during, and after eruptions, in terms of the types of earthquakes, 
temporal and spatial distributions of seismicity, seismicity rates, and energy release. 
Volcano-tectonic earthquakes (also referred to as high-frequency or A-type earthquakes) 
are a particular example o f such signals. They are characterized by sharp onsets, 
dominant frequencies between 5-15 Hz, clear P and S phases (Minakami, 1960; McNutt, 
1996; Power et al., 1994), and typically occur at 0-10 km depth beneath volcanoes. 
Source mechanisms for these earthquakes, however, remain understudied, in part due to 
the complexity of processes that take place in earthquake generation and also because of 
the intrinsic limitations of volcano monitoring.
Data gathered at the Alaska Volcano Observatory (AVO) during years of monitoring 
have been used to investigate many interesting aspects of the behavior of volcanoes, and 
in several cases, valuable data have been recorded during eruptive episodes. One of those 
episodes occurred at Redoubt volcano, located in south-central Alaska, which erupted 
between December 1989 and June 1990 in a series of events that included tephra 
eruptions, pyroclastic flows, lahars, and debris flows, and episodes of dome growth and 
destruction (Power et al., 1994; Miller, 1994). The eruption sequence was monitored by a 
network of five to nine seismographs stations located within 2 2  kilometers of the vent,
and various features of it included; changes in type of seismicity with time, changes in 
intensity of seismic swarms, and the identification of different depths of occurrence of 
volcano-tectonic events related to different stages of activity. The analysis of the seismic 
sequence allowed an interpretation of both the processes that led to the eruption and the 
geometry of the magmatic system (Power et. al, 1994, Chouet et al., 1994). No work, 
however, has been done on the focal mechanisms associated with the volcano-tectonic
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events or the stress regime that could be involved in their generation.
In this thesis, earthquake first motion data recorded at Redoubt volcano between 
December 1989 and December 1990 by the AVO permanent network, and during July 
1991 by a temporary array of 21 digital stations, have been used to compute focal 
mechanisms. These were inverted for the directions of principal stress axes following the 
method of Gephart and Forsyth (1984). Using a misfit analysis (Lu and Wyss, 1995), we 
attempt to identify different subsets o f earthquakes near the volcano that have been 
generated by different stress regimes.
13
2. Background
14
Redoubt volcano is a steep-sided stratovolcano, about 10 km in diameter at its base 
with a volume of 30-35 km3, located near the eastern end of the Alaska-Aleutian volcanic 
arc (figure 1). The volcano is composed of intercalated pyroclastic deposits and lava 
flows resting on Mesozoic rocks of the Alaska-Aleutian range batholith (Till et al., 1994). 
The most recently active vent is located on the north side of the crater.
Eruptions have occurred at Redoubt volcano many times this century, with the oldest 
historic eruption in 1902 (Martin and Katz, 1912). Vapor emissions were reported in May 
1933, and January-February, 1965. During late January and early February, 1966, an 
explosive eruption produced ash plumes as high as 6100 m (Sturm et al., 1986). The 
eruptive sequence that began in December 1989, was preceded by a 23- hour swarm of 
long-period seismic (LP) events, indicative of pressurization of the magma system 
(Chouet et al., 1994). Volcano-tectonic (VT) activity, reflecting stress changes in the 
volcanic edifice in response to magma movement, was initially confined to shallow 
depths (in the range 0-3 km) beneath the summit, but shifted to greater depths (6-10 km) 
during the second day of the eruption sequence (Power et al., 1994). Spatial changes in 
VT and LP activity reflected dynamic changes within the volcano associated with 
migration and pressurization o f magmatic fluids (Chouet et al., 1994; Stephens et al., 
1994). Seismicity declined after June 1990, and remains at low levels as of this writing.
The method of inversion for stress directions from fault plane solutions (FPS) has not 
been tested at volcanoes, and no previous attempt has been made to study the focal 
mechanisms or the stress field at Redoubt. With a study of VT activity and the search for 
the directions of principal stress axes, therefore, we expect to contribute to a better 
understanding of the stress field at volcanoes during and after eruptions.
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3. Volcanology of the Eruptions
16
3.1. Summary of Volcanological Aspects of the Eruptions.
More than 20 eruptive events during the 1989-1990 eruptions emplaced a sequence of 
lithic pyroclastic-flow, -surge, -fall, ice-diamict, and lahar deposits, mainly on the north 
side of the volcano. The deposits record the change in eruption dynamics from initial, 
gas-rich, vent-clearing explosions to episodic, gas-poor, lava-dome extrusions and 
failures (Gardner et al., 1994). Tephra plumes rose to altitudes of 7 to more than 10 km, 
and were carried mainly northward and eastward by prevailing winds, seriously 
impacting air travel, commerce, and other activities (Scott and McGimsey, 1994). The 
total volume of tephra-fall deposits (dense-rock equivalent) was estimated to be 3-5 x 107 
m3 o f andesite and dacite. Two contrasting tephra types were generated; pumiceous 
tephra-fall deposits from December 14 and 15, and fine grained, lithic-crystal tephra 
deposits from December 16 and all later events. The different character of tephra-fall 
deposits reflects differences in their modes of origin. Pumiceous deposits were produced 
by magmatically driven explosions, whereas the fine-grained lithic-crystal deposits were 
generated by hydrovolcanic vent explosions and ash clouds of lithic pyroclastic flows.
Much of the 1989-1990 eruption consisted of a dome-growth and -destruction phase
in which 14 short-lived, viscous, silicic andesitic domes were emplaced and subsequently 
destroyed. The duration of an individual dome ranged from 3 to 21 days, and volumes are 
estimated at 1 xlO6 to 30 xlO6 m3 (Miller, 1994). Magma supply rates to the vent area 
averaged about 5 xlO5 m3/day for most of the dome-building phase, ranging from a high 
of 2.2 xlO6 m3/day initially to a low of 1.8 xlO5 m3/day at the final stages of the eruption. 
The total volume of all domes was estimated to be about 90 xlO6 m3, and may represent 
as much as 70% of the volume for the entire eruption (Miller, 1994). The repeated dome 
failures produced lithic pyroclastic flows that mixed snow and ice generating lahars that 
were channelled into the Drift River valley. Some of the dome failures occurred without 
precursory seismicity, and appeared to have resulted solely from gravitational instability 
(Scott and McGimsey, 1994). Most of the dome-collapse events resulted in single, 
monolithologic, massive to reversely graded, medium-to-coarse-grained, pyroclastic flow 
deposits containing abundant dome clasts. The deposits vary in thickness, grain size, and 
texture, depending on the distance from the vent and local topography. Deposits are finer 
and better sorted downstream, thinner and finer on hummocks, and thicker and coarser 
where ponded in channels cut through the glacial ice. The deposits had an estimated 
volume of 0.04 km3 (Scott and McGimsey, 1994).
17
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4. Instrumentation and Data Used in this Study
Five to nine high-gain, short-period seismograph stations, located within 22 km of the 
volcano’s summit, provided the data used to monitor the 1989-1990 eruptive sequence 
(figure 2a). Until AVO was established, only two stations were operated in the Redoubt 
area; RDT (three-component), installed in 1971, and RED, installed in 1974. In October 
1989, DFR, NCT, and RDN began operation as part of the monitoring program. These 
five stations operated during the initial phases of the eruption. DRE was installed on 
February 1, 1990, both to improve monitoring of the seismicity and to detect lahars and 
mud flows in the Drift River valley. To enhance the network’s detection of small events 
within the volcanic cone, stations RSO, REF, and RWS were installed in March 1990, 
and RDW replaced RWS in September 1990 (Power et al., 1994). We selected VT earth­
quakes recorded between December 1989, and December 1990, located with a minimum 
of 6  P- wave arrivals to compute FPS. A typical earthquake waveform from this data set 
is shown in figure 2 b.
During July 1991 an array of 21 digital seismometers was deployed on Redoubt 
volcano (Dawson et al., 1996). The goal of this deployment was to record local and 
regional seismic events and four explosions in order to improve the existing 1 -D velocity 
model. PASSCAL (Program for Array Seismic Studies of the Continental Lithosphere) 
REF-TEK model 72A digital recorders and geophones were used. A detailed description
of the REF-TEK model 72 A portable seismic data acquisition system can be found in 
Refraction Technology, Inc. (1990). The recorder can collect up to 16 channels o f data 
with sampling rates of 1 to 1,000 per second with 16-bit resolution. Mark Products™ 
three-component L-22-3D seismometers, with natural frequency of 2 Hz and sensitivity 
of 0.5 V/cm/s, were used. Digital data and locations of earthquakes were provided by 
IRIS (Incorporated Research Institutions in Seismology). The recorders were deployed in 
three semi-linear arrays across the volcano and in a diffuse pattern to fill empty spaces 
between the AVO permanent network stations (figure 3a). Seismicity recorded during the 
three weeks of operation included 240 VT events, several hundred regional events, 
hundreds o f glacier quakes, several teleseisms, and thousands of small microearthquakes. 
The XPICK program (Robinson, 1991), coupled with HYPOELLIPSE (Lahr, 1999), was 
used to locate the events. As with the AVO data set, we selected events usually located 
with more than 6  P-wave readings to compute FPS. A typical VT earthquake recording 
acquired with this network is shown in figure 3b. The improved 1-D velocity model 
resulting from the experiment (Dawson et al., 1996) did not differ greatly from the 
velocity model that was in use during 1989-1990, and although the accuracy in locations 
apears to be higher (see appendix A) there was no effect on the resultant FPS.
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4.1. Description of Seismicity at Redoubt Volcano During December 
1989 - December 1990
20
Earthquakes at Redoubt volcano were concentrated mostly in a region elongated in a 
NW direction and located north and east of the volcano. In addition, clusters of seismicity 
are located northeast, east, and southeast of the volcano (figure 4a). Magnitudes (ML) of 
events are in the range -0 .9  [ ML [2 .1 , with depths (Z) between 0 and 11 km, with a 
prominent cluster located between 6  and 9 km (figures 4b, c). The depths are referenced 
with respect to the summit crater floor, which is 2.3 km above sea level. The average 
horizontal and vertical formal errors in locations (as furnished by HYPOELLIPSE) are 
0.9 and 1.8 km, respectively. The largest event in this period was a magnitude ML= 2.1 
that occurred on January 2, 1990, at a depth of 7.8 km. Most of the events located 
between 0 and 3 km depth occurred in a short time interval following the large tephra 
eruptions on December 15, 1989.
Events in the range 6 - 1 0  km occurred late on December 15 and continued 
throughout and after the eruption. Volcano-tectonic events are assumed to result from 
brittle failure of rock caused by stresses generated by magma movement. The distribution 
of hypocenters suggess a magmatic system consisting of a deep source region connected 
to the surface by a thin conduit (Power et al., 1994). The fact that events in the 6-10 km 
depth range began occurring only after the vent-clearing tephra eruptions of December 15 
suggests that these earthquakes are associated with stress readjustments caused by the
movement of magma and volatiles at those depths. A northward migration of deeper VT 
events observed between March and October 1990 suggests that the deep magma source 
region may be a tabular volume elongated to the north (Lahr et al., 1994). It is speculated 
that this migration resulted from readjustment o f stress, as successively greater portions 
of the source region depressurized (Power et al, 1994). Most shallow VT events occurred 
in association with the tephra eruptions of December 1989. These events are thought to 
represent readjustments of stresses in the wall rock in response to depressurization of the 
upper portions of the magmatic system, caused by removal of magma and volatiles from 
these depths (Power et al., 1994).
4.2. Description of Seismicity Recorded During the Deployment in July 
1991.
Seismicity recorded with the array deployed during July 1991 showed an epicentral 
distribution similar to that of the 1989-1990 period, with earthquakes located mostly 
north of Redoubt within a depth range of 0-10 km. The earthquakes do not show any 
particular alignment (figure 5a). E-W and N-S cross-sections show that most o f the 
earthquakes occur in the depth range 5-9 km (figures 5b, c). Magnitudes vary between 0 
and 1.1. The average formal horizontal and vertical location errors are 0.38 and 0.66 km, 
respectively.
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5. Fault Plane Solutions at Redoubt
Fault plane solutions were computed with FPFIT, a program by Reasenberg and 
Oppenheimer (1985) which performs a two-stage grid-search procedure to find the 
double-couple model that minimizes a normalized weighted sum of first-motion polarity 
discrepancies. For each FPS obtained, the program formally computes the uncertainty in 
the model parameters (strike, dip, rake) and a parameter called the Station Distribution 
Ratio (STDR); this quantity is sensitive to the distribution of the data on the focal sphere, 
relative to the radiation pattern. When this ratio has a low value (STDR < 0.5), then a 
relatively large number of data points (stations) lie near the nodal planes of the solution, 
meaning that the P-wave arrivals to these stations may be emergent and therefore the 
polarities are difficult to identify. For a description of the STDR parameter and other 
features of FPFIT code, the reader is referred to Reasenberg and Oppenheimer (1985). 
FPFIT also gives a stereo projection of all orientations of P and T axes compatible with 
the available data. We also computed the quantity NDisc/NPol (NDisc is the number of 
violations or discrepant observations and NPol is the number o f first readings used in the 
solution) and used its value to set another constraint on the acceptability of a FPS for 
analysis.
Using the features described from the FPFIT code and the quantity NDisc/NPol, we 
eliminated FPS if  they met any one of the following criteria:
-The quantity STDR was equal to or greater than 0.4.
- The averaged uncertainties in strike, dip, and rake (AStrike, ADip, ARake) were 
greater than or equal to 45°.
- The ratio NDisc/NPol was greater than 0.20.
- The uncertainty in P and T axis orientations was so large that the regions 
overlapped.
These criteria significantly reduced the number of FPS, leaving a sample of 96 FPS 
from the located seismicity in July 1991, and 212 events recorded with the A VO 
permanent network between 1989 and 1990. Appendix A summarizes the values of 
parameters used in the selection of FPS from each data set.
5.1. Fault Plane Solutions from December 1989 to December 1990.
The computed FPS for earthquakes near Redoubt during the period December 1989 - 
December 1990 show a variety of mechanisms. For convenience, we show FPS computed 
for each of the four stages of activity at Redoubt described by Power et al. (1994); 1) vent 
clearing and first dome-building phase, 2) second dome-building phase, 3) repetitious 
dome-building phase, and 4) post-eruption phase.
For events from the vent-clearing and first dome-building phase, we observe normal 
faulting with near-vertical P-axes, and reverse faulting with near-horizontal P-axes
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oriented E-W to SE- NW; a rose diagram shows that strikes of nodal planes are mostly 
oriented N-NE and W-NW (figure 6a). Earthquakes during the second dome-building 
phase show some normal faulting with near vertical P-axes oriented NW; reverse faulting 
with P-axes oriented NW, strike-slip faulting with P- axes oriented NW, and several 
vertical dip-slip events with P-axes oriented also NW; the strikes of nodal planes are 
mostly oriented NNE and SSW (figure 6 b). Events during the repetitious dome-building 
phase show some normal faulting with near vertical P-axes, strike slip with P-axes 
oriented NW, and reverse faulting with P-axes oriented N-S, and NW; the rose diagram 
shows that many nodal planes strike WSW and NW-NE (figure 6 c). During the post­
eruption phase we observe some normal faulting with near-vertical P-axes, strike-slip 
faulting with P-axes oriented E-W to NW, and reverse faulting with P-axes oriented NW; 
the rose diagram shows nodal planes striking mostly NNE and S (figure 6 d). Throughout 
most of the 1989-1990 period we observe that FPS are dominantly reverse and strike-slip, 
with P-axes oriented mostly NW.
5.2. Fault Plane Solutions from July 1991
Fault-plane solutions for shallow earthquakes (defined in this thesis as those events 
with depths in the range 0-6 km), located directly north of Redoubt, show normal faulting 
with near-vertical to vertical P-axes, strike slip faulting with P-axes oriented NW and E- 
W, and reverse faulting with P-axes striking NW; the strikes of nodal planes in this depth
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range show a high variability, with no preferred orientation (figure 7a). Earthquakes in 
the range 6  to 11 km show mainly normal faulting, with near-vertical P-axes. Several 
events show strike slip and vertical dip-slip faulting with P-axes oriented NW, NE, and 
N, a few events showed strike-slip with some reverse component, and P-axes oriented 
NE; the orientation of nodal planes is mostly SE-NW (figure 7b). A striking feature of 
seismicity near Redoubt during July 1991 is that most events show normal faulting with 
near-vertical P-axes. This contrasts with FPS during 1990, in which we observed mostly 
reverse faulting (compare figure 6 c-d with 7b).
25
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6. Stress Tensor Inversion
To find the directions of stress we follow the method of Gephart and Forsyth (1984), 
which uses FPS of earthquakes as input data. The method is based on the following basic 
assumptions: ( 1) stress is uniform in the rock volume sampled by the seismicity; (2 ) 
earthquakes are shear dislocations on pre-existing faults; and (3) slip occurs in the 
direction of the resolved shear stress on the fault plane. The algorithm finds a best fitting 
principal stress tensor to a group of earthquakes by performing a grid search over a range 
of possible models. The parameters of the stress tensor obtained from the inversion 
scheme are the directions of the maximum (07), intermediate (cr?), and minimum (ctj) 
principal stress axes, and a measure of their relative magnitudes (R), where 
R = (c7/ - < j$ / ( o i  - (J3). Also computed is the parameter which is the rake of cr? in the
plane normal to 0 7 ; its value is such that it is 0  when cr2 is horizontal, and positive when 
(72 plunges to the west.
A misfit variable is introduced to define discrepancies between the stress tensor and 
the observed FPS. The individual m is fit,/ is defined as the smallest rotation angle about 
an axis o f any orientation that would bring the direction and sense of slip, associated with 
either o f the two nodal planes, into agreement with the direction and sense of slip 
predicted by the stress model. Each FPS receives two misfits, one for each nodal plane. If
an a priori choice of fault plane is not made, then the nodal plane with the smallest misfit 
is assumed to be the fault plane. The algorithm also computes the statistical confidence 
limits for possible stress orientations, based on a procedure described by Parker and 
McNutt (1980). The confidence limits that are consistent with a set of FPS can provide 
additional information on stress heterogeneity because, in general, they tend to enlarge 
when the heterogeneity in stress increases. This can also depend on the number o f FPS, at 
least for small data sets (15-20 FPS). Recently, a study by Hardebeck and Hauksson 
(2000) revealed that the method of Gephart and Forsyth (1984) usually provides more 
accurate estimates of stress orientation, specially for high-quality data sets, but its 
confidence regions are, in most cases, too large. A method by Michael (1987) is more 
accurate for noisy data sets and gives a more appropriate estimate of uncertainty. Since in 
most cases we obtained inversion results with confidence regions that do no overlap, we 
feel confident that the solutions are well constrained and their confidence regions could 
be even smaller.
Caution must be exercised when interpreting the results of the inversion method, 
because if the data used come from several regions with significantly different stress 
orientations we could obtain a composite stress tensor and not identify it as such (Lu and 
Wyss, 1996). We must then make an effort in identifying portions of the data that can be 
called homogeneous. There exists the uncertainty as to how much of the average misfit, 
F, is contributed to by errors in the FPS and how much by heterogeneity in the stress 
field. The portion of the average misfit that could result from FPS errors o f approximately
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15° has been estimated to range as high as 6° based on tests with synthetic data (Wyss et 
al., 1992; Gillard and Wyss, 1992; Lu et al., 1997). Values of < 6 ° have been explained 
by reasonable errors in FPS, and so we will accept results with F  < 6 ° as satisfying the 
homogeneity criteria. On the other hand, inversions with F  in the range 6 ° < F  9 ° are 
considered acceptable, but containing some heterogeneous data (Giampiccolo et al., 
1999). A solution with F > 9° will be regarded as representative o f a non-homogeneous 
stress field. Based on these considerations, Lu and Wyss (1996) proposed that if  subsets 
of earthquakes, as a function of space or time, can be obtained by dividing the entire data 
set with the result o f a substantial reduction of F, we can conclude that part of the initial 
misfit was caused by heterogeneities. Often times an inversion of a group of FPS results 
in average misfits larger than 9°, yet the confidence regions for stress orientations are 
small and do not overlap. In these cases, based on tectonic considerations, such as 
clustering or alignment of epicenters, tectonic models, and variations of activity with 
time, we subdivide our data set and perform independent inversions for each subset in 
order to find average misfits that are more likely representative of a homogenous sample.
6.1 The Cumulative Misfit Method
To investigate stress homogeneity along plate boundaries and faults, Wyss and Lu 
(1995) and Lu and Wyss (1996) proposed the cumulative misfit method. The technique is 
based on the cumulative misfit of individual FPS calculated using test-stress tensors. The
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method has been successfully used in identifying segmentation in the Aleutian plate 
boundary (Lu and Wyss, 1996) and the San Andreas fault (Wyss and Lu, 1995), and time 
variations o f stress in Friuli, Italy, (Slejko et al., 1999). The method, however, has not 
been tested in volcanic areas, where variations in stress over short distances and time 
intervals may be expected.
The method works as follows: we assume that stress in a region is heterogeneous as a 
whole, but can be considered homogeneous in subvolumes. The purpose is to find where 
stress changes may be located. We use as a test-stress tensor the model that fits either a 
subgroup of FPS or the assumed tectonic stress, as indicated by a small average misfit 
and small confidence regions, and then compare the individual misfit o f each FPS with 
respect to that test-stress tensor. We order the earthquakes sequentially by increasing 
time, increasing depth, or increasing latitude, and plot the cumulative misfit as a function 
of earthquake number to identify boundaries between regions of different stress, or the 
points where a change in slope occurs. The statistical significance of the difference in 
stress across a boundary between two segments is quantified by the standard z test, if the 
number of samples (n) is greater than 30, or by the t test if n < 30. We apply the 
cumulative misfit method, and test the hypothesis that variations in the stress field exist 
underneath Redoubt volcano, not only in time, but also in space.
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6.2 Stress Inversions at Redoubt Volcano 1989-1990
FPS of earthquakes at Redoubt volcano from December 1989, to December 1990, 
were used to invert for stress tensors and to investigate possible changes in stress field 
with time. Following the method of Gephart and Forsyth (1984), we inverted the entire 
data set of 212 FPS to test the hypothesis that all rupture geometries could be explained 
by a single uniform stress tensor. The result of this test is shown in figure 8 . It is a 
stereographic projection of the range of possible orientations of the principal stress axes. 
Also shown are the computed values of R, (j), and F, along with a histogram showing the 
distribution o f R values. We see that although the solution is well constrained, because 
95% confidence regions for the principal stress directions are small and do not overlap, 
the average misfit is large (F=9.4°), which means that it does not fulfill the initial 
assumption of stress homogeneity. This is expected, given that the data set includes 
events from the 1989-1990 eruption and from a period of low level activity, and also 
spans a relatively large area around the volcano. Since our initial solution is well con­
strained, we can expect that subdivision of our data set into smaller groups will give 
solutions with smaller misfits. We next look for a solid criterion for subdividing the data 
into coherent groups. To achieve this goal we use the cumulative misfit method, which 
has proven to be useful in the identification of stress-homogeneous subvolumes.
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To investigate how the state of stress behaves in time near Redoubt volcano we use 
ZMAP (Wiemer and Zuniga, 1999) to map the individual misfits of all 212 FPS during 
1989-1990 as compared to the following stress model: oy=8/297, 02=48/199, 02=41/34 
(plunge/azimuth), R= 0.7, and ^=-49. This model is assumed to be similar to the tectonic 
stress based on previous work by other researchers (Nakamura et al., 1977; Jolly et al., 
1994). A map view and NW- oriented cross-section of epicenters are shown in figure 9. 
There is a significant variation in misfits throughout the area sampled, with misfit values 
in the range 0.1° to 45° (small and black symbols mean small misfits, whereas large and 
light grey symbols mean large misfits). In general, we observe small to large misfits for 
the main cluster of seismicity (north of Redoubt) and moderate to large misfits for 
earthquakes scattered around the main cluster.
Next, we plot the cumulative misfits of our FPS, compared with the above test tensor, 
against earthquake number ordered by time (figure 10). There are several changes in 
slope, defining phases that are identified at the 99% confidence level. The first important 
change in slope occurs at earthquake number 16 (January 31, 1990, 03:28), the second 
change occurs at earthquake number 68  (March 8 , 1990, 13:00), and the third change is 
identified at earthquake number 179 (June 6 , 1990, 9:07). The relevant information about 
the phases is summarized in table 1 .
6.2.1. Stress Near Redoubt as a Function of Time
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Table 1. Description of Phases in Figure 10.
Phase FPS Time range
Average of 
individual 
misfits 
(degrees)
Confidence 
level at which 
phase is 
different from 
neighbor
1 1-15 12/15/89-
01/31/90
19 99%
2 16-67 01/31/90-
03/08/90
12 99%
3 68-178 03/08/90-
06/01/90
19 99%
4 179-212 06/08/90-
12/24/90
9
. /  
The analysis o f segments in curves o f cumulative misfit will be considered successful
if the inversions for the stress directions in the individual segments give average misfits
Fj that are less than 6 ° and also if Fj is significantly lower than F  for the total data set
(Wyss and Lu, 1995). Within each segment we perform separate inversions; first we
include all events in the segment and, if possible, we select a subset and perform another
inversion.
From phase 1, we obtain the solution displayed in figure 1 la. The solution is not well
constrained, because the confidence regions for cr? and cr? overlap. The average misfit of 
6.9° indicates that the FPS used contain some heterogeneity. We do not subdivide this 
group of only 15 FPS. Figure 12a shows the map of individual misfits for events in phase
The inversion of all events in phase 2 gives a well-constrained solution, with an 
average misfit of 5.7 °, a horizontal 07 striking nearly E-W, a near-vertical o>, and a near­
horizontal <77 striking nearly N-S (figure lib ). Although F  is less than 6 ° and may be 
accepted as representing stress homogeneity, we select a subset of events that are 
spatially close for a second inversion (figure 12b). The 34 FPS in this phase, include only 
earthquakes clustered NW of the summit in the depth range 6  to 8 km. Their inversion 
gives a well constrained solution, with average misfit of 3.6°, a sub-horizontal cr/ striking 
NW-SE, a near-horizontal 07  striking NE-SW, and a near-vertical 07  (figure 11c). Note 
the changes in errand 0 7 from figure 1 lb.
The inversion of all events in phase 3 gives a solution, with an average misfit o f 7.9°, 
a near-horizontal 07 striking SE-NW, a near-horizontal 07  striking NE, and a steeply 
plunging 0 7 (figure lid ). We selected a subset of 86  earthquakes that are closely located 
(figure 12c), and the solution is similar to that for the whole segment, with a misfit of 
6.5°, suggesting that some heterogeneity persists in the subset set (figure lie ).
By inverting all earthquakes in phase 4 we obtained a solution with an average misfit 
o f 6 .8°, a near-horizontal cry striking nearly E-W, a near-vertical 07, and a horizontal 07 
striking nearly N-S (figure Ilf). This value decreased to 4° after we reduced the number 
o f FPS to 19 by selecting earthquakes located close to each other (figure 12d), and the 
directions of stress axes appear slightly changed (figure llg ) . Figure 12a-d shows the 
maps of individual misfits for events within each segment of figure 10. Table 2 
summarizes the relevant aspects of the inversion results for each phase.
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Table 2. Inversion Results for Individual Phases in Figure 10.
Phase
Number of 
FPS 
submitted for 
inversion
F
(degrees)
Principal stress 
directions (best 
fitting tensor) 
plunge/azimuth 
O,, <72, <73
R <P
(degrees)
1 15 6.9
18/126,
71/135,
6/128
0 .2 -84
2 52 5.9
4/277,
70/19,
20/186
0.5 70
2 34 3.6
19/317,
25/55,
61/189
0.5 2 2
3 111 7.9
10/107,
39/9,
42/209
0.3 -39
3 86 6.5
10/107,
39/9,
49/209
0 .2 -39
4 34 6.8
19/96,
73/261,
4/5
0.4 85
4 19 4
5/117,
28/210,
61/18
0 .6 28
In figure 10 we have superimposed red lines to indicate the limits between different 
stages of activity during the 1989-1990 eruptive sequence, as described by Power et al. 
(1994). We observe that most phases in this curve of cumulative misfit vs. time are 
closely associated with changes in activity at Redoubt, with the most striking match
occurring between the beginning of segment 4 and the change between stages D and E 
(the repetitious dome-building and post-eruption stages).
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6.3. Stress Inversions July 1991
We use a set of 96 FPS from events recorded during July 1991, a period of low 
activity level (figure 5), to investigate the stress field near Redoubt as a function of space. 
We want to test the hypothesis that all FPS during July 1991 can be explained by a single 
uniform stress tensor. Following the same approach described for the time analysis, we 
attempt an inversion of the full data set. The result of this first trial is shown in figure 13. 
As expected, the solution is well constrained, but the misfit is large, indicating that the 
data are heterogeneous. Since our initial solution is well constrained, we expect that 
dividing our data set into smaller groups can give solutions with smaller misfits. Again, 
we will make use of the cumulative misfit analysis to select subsets of data that can give 
meaningful inversion results.
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To investigate possible variations of stress as a function of space near the volcano, we 
map the individual misfits of all 96 FPS in July 1991 as compared to the same tectonic 
stress model used for the time analysis: cr/=8/297, cri=48/199, 02=41/34
(plunge/azimuth), R=0.1, and ^=-49. A map view and a NW-oriented cross-section of 
individual misfits are shown in figure 14. We see that there is a great deal of variation in 
misfits throughout the area sampled, with misfit values in the range 0.3° - 44°. Large 
misfits appear to be concentrated in a region between 60.50°N - 60.53° N and 152.78° W - 
152.73° W, and surrounded by large misfits. A trend in individual misfits with depth is 
not manifest in the cross-sections
We next plot cumulative misfits against earthquake number, ordered by increasing 
depth (figure 15). There is an evident change in slope that takes place at earthquake 
number 22. The shallow earthquakes (0 - 6.4) km have the lowest slope, indicating close 
agreement with the test tensor. After that point, the curve switches to a higher slope, 
which indicates that earthquakes in this segment diverge from our test tensor. Applying 
the z test, we find that the slopes of the segments are significantly different at the 99% 
confidence level. The fact that the two segments (table 3) are significantly different in a 
statistical sense confirms the differences in misfit with depth.
6.3.1. Stress Near Redoubt as a Function of Space
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Table 3. Description of Segments in Figure 15.
Segment FPS
Depth range 
(km)
Average of 
individual 
misfits 
(degrees)
Confidence 
level at which 
phase is 
different from 
neighbor
1 1-22 0-6.4 1 14 99%
2  1 23-96 6.4-11
.....1
24
We proceed to run separate inversions for FPS within individual segments, first using 
all events in the segment and then using events from restricted volumes. The results of 
inversions of FPS within individual segments are described in table 4. By inverting all 
events in segment 1 we found a well constrained solution with an average F  = 8.9°, a 
near-horizontal 07 striking SE-NW, a near-vertical 07 , and a near-horizontal <73 striking 
SW-NE (figure 16a). In search of a stable solution (one that has smaller average misfit) 
we attempted to find a smaller subvolume with enough events to attempt an inversion for 
stress directions. Most events within segment 1 are located in a cluster between 152.7°W 
- 152.74°W and 60.49°N - 60.51°N (figure 17a). Rejecting the events outside this region, 
we obtain a subgroup of 17 events. Their inversion yielded a well constrained stable solu­
tion with F  = 6 .8°. Although F  was reduced by 2 degrees, its absolute value tells us that 
the solution still reflects some degree of heterogeneity. This may result from the cluster 
containing events from different depths (0-3, 3-6 km), and the FPS in each group may be
explained by stress tensors that differ. We do not attempt to further subdivide this subset 
because the minimum number of FPS required for a stable inversion is 15. We regard this 
solution as acceptable, but containing some heterogeneity.
The inversion of all FPS within segment 2 gives an average misfit of 6 .8°, a near-ver­
tical 07 , a near-horizontal a2 striking SE-NW, and a near-horizontal striking NW-SE
(figure 16c). With the help of the misfit map and cross-section (figure 17b) we select 39 
earthquakes clustered between 6.5 and 8.5 km and between 3.8 and 6  km from point A. 
Their inversion gives a well constrained solution with a misfit of 4.5°, a near-vertical 07 , 
a near-horizontal a2 striking SE-NW, and a near-horizontal <j 3 striking SW-NE (figure 
16d). We regard this solution as representing a homogeneous stress tensor. We note that 
the stress orientations found for segment 2  have reversed 07 and a2 with respect to 
segment 1 (figure 16b). This reversal could be an indication o f a rotation of stress 
directions with depth near Redoubt volcano.
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Table 4. Inversion Results for Individual Segments in Figure 15.
Segment
Number of 
FPS submitted 
for inversion
F
(degrees)
Principal stress 
directions (best 
fitting tensor) 
plunge/azimuth
G ,, CT?, (73
R *(degrees)
1 2 2 8.9
27/136,
62/339,
10/231
0 .2 -79
1 17 6.9
27/136,
62/339,
10/231
0 .2 -79
2 74 6 .8
74/29,
16/205,
1/296
0.5 86
2 39 4.5
73/30,
8/150,
14/242
0.7 30
We next plotted the cumulative misfit against earthquake number by latitude (figure
18). The results of inversions of FPS within individual segments of figure 18 are
1
summarized in table 6 . A change in slope of the curve is evident at earthquake number 25 
(latitude 60.5° N), where the slope becomes higher and continues with the same trend, 
with some small steps, until earthquake number 96. The z  test analysis of the observed 
change in slope is summarized in table 5.
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Table 5. Description of Segments in Figure 18.
Segment Earthquakes Average misfit (degrees) Latitude interval
Confidence level 
at which segment 
is different from 
neighbor
1 1-24 15 60.436°N-60.501°N
99%
2
|
25-96 24 60.501°N-60.553°N
Having identified at least two segments with different slopes in figure 18, we inverted 
FPS of events within each segment, first using all events in the segment, and by selecting 
them according to their individual misfits and locations. For segment 1, we obtained for 
all FPS by inverting all FPS, a solution with large confidence regions (but no overlap), an 
average misfit o f 9.1°, a near-vertical 07 , a near-horizontal 07  striking SE-NW, and a 
near-horizontal 07  striking NE-SW. The average misfit for this set of events is indicative 
of heterogeneity in the sample (figure 19a). By inverting a subset of 16 events (figure 
19b) we found an improved solution that also has large confidence regions with a near­
horizontal 07 striking SE-NW, a steeply plunging 07  striking NW-SE, and a near­
horizontal 07  striking NE-SW. Because the average misfit obtained for this subset is 6.3°, 
we accept it as containing a small amount of heterogeneity.
The inversion of all FPS for segment 2 (72 total events) shows a well constrained set 
of confidence regions, an average misfit of 1.5°, a near-vertical 07 , a horizontal 07
striking SE- NW, and a near-horizontal oy striking SE-NW. The average misfit is again 
indicative of heterogeneity in the sample (figure 19c). Inversion of 46 events clustered 
NW of Redoubt (between 152.78° W and 152.4° W, and 60.501° N and 60.53° N) leads to 
a reduced average misfit of 5.6° with a near-vertical 07 , a near-horizontal <7? striking SW- 
NE, and a horizontal <73 striking SE-NW (figure 19d). We note that between segment 1 
and 2 the orientations of, cr? and <73 principal stress axes are switched, whereas the 
orientation of 07 , remains the same. This fact, along with the distribution of R values, 
tells us that cr? and 07  must have similar magnitudes.
Figure 20a-b shows the maps of individual misfits for events within the two segments 
identified in the cumulative misfit vs. latitude curve. The results of analyzing the change 
of cumulative misfit as a function of latitude give us basis to suggest that differences in 
stress exist between earthquakes located south and north of 60.501° N in the Redoubt 
volcano area, with southerly events characterized by a heterogeneous stress field, and 
northerly events by a mostly homogeneous stress field.
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Table 6. Inversion results for individual segments in figure 18.
Segment
Number of 
FPS submitted 
for inversion
F
(degrees)
Principal stress 
directions (best 
fitting tensor) 
plunge/azimuth 
07, <72, <73
R *(degrees)
1 24 9.1
71/251,
15/109,
11/16
0 .6 -53
1 16 6.3
38/147,
47/294,
17/43
0 .6 68
2 72 7.5
73/30,
7/146,
15/238
0.7 26
2 34 5.6
75/177,
12/31,
8/299
0.3 -56
6.4. Summary of Results
The results o f inversions o f FPS for stress directions at Redoubt during 1989-1990 
and July 1991 are summarized in table 7. For convenience, we indicate the orientation of 
principal stress axes and the location in time and space o f the different subsets analyzed. 
Inversion results that indicate homogeneity in the stress field are highlighted in bold.
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Table 7. General Orientation of Stress Axes.
Time analysis
Dec. 1989-Dec. 
1990 O/ (73
Phase I 
(Vent-clearing 
phase, first dome)
N W - S E z NE-SW
Phase II 
(Second dome) NW- SE N E - S W Z
Phase III 
(Repetitious 
dome)
WNW - ESE
}
N N E - S S W
... ... -----------------J
z
Phase IV 
(Post-eruption) WNW - ESE NE -SW z
Space Analysis
July 1991 07 Oj? (73
Shallow events N W - S E Z N E - S W
Deep events Z NW- SE N E - S W
Southerly events N W - S E WNW N E - S W
Northerly events Z N E -S W N W- S E
7. Discussion
44
7.1. Changes in Stress with Time at Redoubt Volcano.
The application of the Gephart and Forsyth (1984) method of stress inversion from a 
population of FPS, and the Lu and Wyss (1995) cumulative misfit analysis to define 
boundaries between zones of different stress regime, have given results that suggest that 
the Redoubt area shows variations in stresses with time during 1989-1990. The curve of 
cumulative misfit vs. earthquake number by time (figure 10) shows changes in slope that 
define four segments identified at the 99% confidence level. Most of the events in each 
individual segment occur within the different stages of activity at Redoubt during the 
1989-1990 eruptive sequence. Each of these stages was characterized by changes in type 
of seismicity, number and locations of earthquakes, and intensity of seismic signals 
(Power et al., 1994), as well as changes in the rates of growth and duration of lava domes 
(Miller, 1994). The termination o f the post-eruption phase was determined arbitrarily as 
the first o f October 1990, because seismic observations were not discussed in detail 
beyond that point (Power et al., 1994).
Earthquakes 1 to 15 define phase I in figure 10, and the inversion of FPS 1 to 15 give 
a solution indicative of some degree of heterogeneity in the stress field. This phase 
includes mostly earthquakes that occurred following the major vent-clearing tephra
eruptions and growth of the first dome (A and B in figure 10). This temporal relationship 
suggests that these earthquakes are associated with stress readjustment due to the removal 
of magma and volatiles from depth (Power et al., 1994; Chouet et al., 1994; Lahr et al., 
1994). Unfortunately, the small number of events suitable for computing FPS does not 
allow us to resolve better these time periods. The inversion result in this segment shows 
heterogeneity that may reflect the spatial and temporal separation of the earthquakes.
Earthquakes 16 to 67 define phase II in figure 10. These events occurred following 
the formation of the second lava dome at Redoubt after January 14, 1990. They may also 
represent readjustment of stress due to the movement of magma within the reservoir, 
located at depths between 6  and 10 km depth. The second dome had a life span of 
approximately 45 days, and observations of changes in its appearance during most of this 
time suggest that it grew steadily until early February (Miller, 1994). By inverting FPS of 
earthquakes within segment 2  of figure 10 , we obtained a solution representative of 
homogeneity in the stress field (small average misfit), and we suggest that there is an 
association between the steady growth of the second dome and the homogeneous state of 
stress that dominated during its formation.
Earthquakes 68  to 178 define phase III in figure 10 and these events occurred after the 
beginning of the repetitious dome-building phase at Redoubt, during which a series of 12 
domes were emplaced and subsequently destroyed. Again, the earthquakes may represent 
readjustment of stresses near the reservoir due to the movement of magma. The average 
duration of these domes was estimated to be 6  days and they were all smaller in volume
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than the two earlier domes. This series of dome emplacement and destruction in relatively 
short periods may reflect instability (heterogeneity) of the stress field near the volcano. 
By using FPS within phase III we were not able to obtain a sample that could indicate 
homogeneity in the stress field. We suggest that this reflects a varying stress field near the 
magma reservoir during the time of repetitious dome-building at Redoubt.
A striking match is observed between the end of the repetitious dome-building stage 
and the beginning of phase 4 in the cumulative misfit vs. time curve (figure 10). 
Earthquakes 179 to 212 define phase 4, which occur during the post-eruption stage. This 
period was characterized by a continuous decline in the number of earthquakes, absence 
of swarms of long-period events, and episodes of low-level tremor accompanied by steam 
bursts. By inverting a subset of 19 events within this segment we obtained a solution that 
represents homogeneity in the stress field (table 2). This is consistent with observations at 
other volcanoes (Ui et al., 1974; Heleno da Silva et al., 1999) where a stabilization of the 
stress field has been suggested after the cessation of eruptive activity.
Finally, we note that there is an outstanding similarity between the general shape of 
figure 10 (this study) and figure 7 of Miller (1994), which shows the cumulative volume 
of andesitic lava extruded throughout the eruptive sequence (figure 24). This suggests 
that the state o f stress is associated with volume and rate o f lava erupted, the duration of 
each stage of activity, and the average duration of domes observed at Redoubt during 
1990.
The above analysis indicates that differences in the state of stresses may exist at
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Redoubt between periods of dome growth and dome destruction, and cessation of 
eruptive activity. We speculate that the complex activity that occurred at Redoubt during 
the repetitious dome-building phase may represent a variable and heterogeneous state of 
stress. Evidence for this comes from the results of inversion of FPS, which reflect 
heterogeneity in the stress field. We suggest that a stable and homogeneous stress field 
dominated during both the second dome-building phase and after the cessation of eruptive 
activity.
7.2. Changes of Stress as a Function of Space at Redoubt Volcano
We applied the methods of stress tensor inversion and cumulative misfit to identify 
spatial boundaries between regions of different stress near Redoubt volcano. The results 
suggest that the area around Redoubt is variable in stress with depth and distance to the 
volcano. For example, the inversion of 96 FPS from 1991 (figure 16) yielded a solution 
that is representative of a heterogeneous stress field. Division of the data set into subsets 
o f FPS located above and below 6.4 km yielded inversion results that can indicate that 
the stress tensor acting below 6.4 km is different from that acting at shallower levels. This 
is supported by the identification of at least two segments in the cumulative misfit curve 
(earthquakes ordered by depth), and by the subsequent inversions of FPS in each segment 
(figures 15 and 16, table 4). For segment 2 in figure 9 (deeper events) the inversion 
results do not change, even when using only half of the FPS in the segment. Using 39
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FPS, we found a solution that is stable, with a small misfit (4.5°) that suggests 
homogeneity in the stress field. We regard this solution as stable, reflecting a 
homogeneous stress field acting at depths between 6.4 and 9 km depth.
We also identified two distinct segments in the plot of cumulative misfit against 
earthquake number by latitude (figures 18-19). Segment 1, different from segment 2 at 
the 99% confidence level, comprises events south of 60.5° N that are distributed over a 
large area and have depths that vary between 0.9 and 11 km. Many of these events are 
shallow. Given these characteristics in their epicentral and hypocentral distribution, the 
stress model obtained from inverting such a heterogeneous data set was expected (table 
6 ). Subdividing the data, we obtained a solution that has a smaller misfit (table 6 ) and is 
similar to that obtained for shallow events (table 4). If we regard the solution shown in 
figure 19b to be stable, but reflecting some degree of heterogeneity, we can postulate that 
shallow earthquakes south of 60.501° N occur in a stress regime that differs from that at 
deeper levels to the north. Segment 2 (in the curve of misfit vs. latitude, figure 18) 
includes events between 60.501° N and 60.553° N, the area sampled by most of the 
seismicity in the depth range 6 - 1 0  km. Most earthquakes located in this zone occur 
where the postulated tabular magma source region exists, as described by Power et al., 
(1994) and Lahr et al., (1994). The inversion of FPS in this area gives results that indicate 
homogeneity in the stress field (see figures 19c-d). These results equal those obtained for 
deeper events (figure 16d). The stress field in this northerly region not only differs from 
the segment to the south, but also has a nearly-vertical maximum compressive stress.
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From the results obtained by the stress inversions and cumulative misfit analysis, we 
observe that there are differences in the stress field with depth and latitude near Redoubt. 
In general, southerly and shallow events show a heterogeneous stress field with a near­
horizontal a ; striking NW-SE, and a near-vertical 07 ; whereas northerly and deeper 
events are explained by a homogeneous stress field with a near-vertical oy and a sub­
horizontal ay striking NW-SE.
Variations of stress in space have been reported at other volcanoes. Moran (2000) 
suggests that hydrothermal circulation deep within and beneath Mt. Rainier volcano 
(Cascades range) may be responsible for many shallow earthquakes occurring with very 
high dip angles, and a stress inversion revealed variability in the stress field in the Rainier 
area. Giampiccolo et al., (1999) found important differences in stress with depth in the 
Rainier area, in particular, events located in the Western Rainier Seismic Zone (WRSZ) 
(10-14 km depth) have a near vertical ay direction, whereas other depth ranges in this 
area show a near-horizontal ay. The change in orientation of ay in the WRSZ is 
speculated to be caused by the influence of the nearby Mount Rainier magmatic system 
(Giampiccolo et al., 1999). In our study, we found many events with normal faulting, and 
the stress inversion suggests a homogeneous stress field, acting in the deep cluster of 
events in the Redoubt area. This stress field is potentially different to that acting at 
shallower levels and nearer to the volcano.
Power et al. (1994) and Benz et al. (1996) suggested that the Redoubt magmatic 
system is composed of a deep magma source region connected to the surface by a thin
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conduit. The temporal and spatial characteristics of the seismicity during and after the 
1989-1990 eruptive sequence suggest that the deep source region is located between 6  -  
10 km depth, and may be a tabular volume elongated to the north. This has been thought 
to be a magma reservoir that experienced changes caused by movement of magma during 
the eruption. In such an environment, VT earthquakes may occur when changes in 
magma pressure causes the dikes to expand in the direction of 07  or contract in the 
direction of 07 , creating a swarm of earthquakes caused by sliding of multiple faults 
surrounding the dikes and connecting the tips of dikes and cracks (Hill, 1977). In some 
cases the maximum compressive stress would be oriented vertically, and the dikes (and 
therefore, the adjoining faults connecting them) would be oriented according to the 
maximum stress in the horizontal plane, 0 2 .
The apparent differences in orientation of 07 and 07  between shallow and deep events 
at Redoubt may be caused by differences in the pore pressure with depth beneath the 
volcano. Evidence for this at other volcanoes comes from results of 6 -value (the 
frequency-magnitude distribution) studies at volcanic areas such as Mount St. Helens, 
Washington, and Spurr, Alaska (Wiemer and McNutt, 1997). At Mount St. Helens, two 
volumes of anomalously high 6 -values (more small earthquakes) coincide with a 
suggested shallow magma reservoir or zone of vesiculation and a deeper magma 
reservoir. The shallow anomaly at depths of 2.6-3.6  km is associated with a zone altered 
by vesiculation and disruption of ascending magma (Pallister et al., 1992; Chadwick et 
al., 1988) which causes the rocks to fracture and increase the 6 -values. Thus high b-
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values are associated with differences in fluid pressure at depth. Alternatively, high 
temperatures, lower effective stress, and/or higher heterogeneity may also cause 
anomalously high 6 -values (Wiemer and McNutt, 1997).
7.3. Rotation of Stress Axes at Redoubt and Estimation of Absolute 
Levels of Stress
In this section we focus on earthquakes located between 6-9 km depth. Shallow earth­
quakes are excluded because they are observed mostly in 1991. In table 7 we see that 
throughout the eruptive sequence, 07 was near-horizontal and striking SE-NW and 07  was 
near-vertical. In contrast, the inversion results during July 1991 show that events in the 
depth range of 6-9 km are explained by a homogeneous stress tensor with near-vertical 07 
and either near-horizontal cr 2or erj oriented SE-NW. Assuming that immediately after the 
end of the eruptive sequence the state of stress near the volcano was as shown in figure 
1 lg  (phase IV), we speculate that their positions were switched by July 1991 as shown in 
figure 16d (deep and northerly events).
From the rotation of principal stress axes between 1990 and July 1991, we can 
estimate the absolute and relative values of stresses near Redoubt. We assume an 
invariable tectonic stress during 1990-1991 and that a vertical 07 represents the stress
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caused only by the overburden of a column of rock. Let 07(A), 07(A), and 07(A) be the 
values of 07, 07 , and 07  in June 1990, immediately after the end of the eruption sequence 
(figure 1 lg, stage A in figures 21 and 22), and let 07(B), 07(B), and 07(B) be the values 
o f 07 , 07 , and 07  during July 1991 (figure 16d, stage B in figures 21 and 22). The vertical 
load at 7 km depth is approximately:
Vertical load = r gh = (2,650 kg.m'3) x (9.8 m.s'2) x (7000 m) = 181.8 MPa =1818 bar, 
then, 07(B) =1818 bar, therefore 07(B) <1818 bar, and 07(B) «  1818 bar.
By the end of the eruptions the state of stress was represented by a nearly-vertical 07 , 
which represents extension or tensional stresses acting vertically. We also know that the 
strength of rocks in tension is about 50 bar (Locker, 1995), therefore, to produce slip in 
this conditions, rocks must overcome both the overburden and the tensional strength, 
which gives: 07(A) = (1818+50) bar, and since o t( A ) < o t(A ) < 0 7 ( A ) , we can write: 
07(A) = (1818+50+As) bar, and: 07(A) = (1818+50+As+8s) bar. Here As and 8 s are 
quantities that we cannot determine, and represent the differences in stress level between 
the principal axes. The observed changes in directions of stresses between 1990 and 1991 
suggest that the values of 07 , 07, and 07  are similar to each other and are in the range 
1818 bar to (1818+50+As+8s) bar.
We interpret this exchange of stress axes between the period immediately following 
the 1989- 1990 eruptive sequence and July 1991 as caused by the expansion and 
contraction of the magma body that is thought to lie north of Redoubt’s summit (Power et 
al., 1994; Benz et al., 1996). Evidence for this is the observation that throughout the
52
eruptive sequence reverse and strike-slip faulting dominated, whereas during July 1991 
normal faulting was dominant. Also, assuming that the earthquakes during July 1991 
represent the activity during repose time (the period between eruptions), they may 
represent the state of stress during the pre-eruptive period (stage C in figure 22), from 
which there is not sufficient data suitable for stress inversion analyses. Finally, we 
suggest that a change in the relative values of horizontal stresses, from the pre-eruptive 
period to the end of the eruption, is better explained by the expansion and contraction of a 
magma body composed of dikes and sills with different orientations, as opposed to a 
single vertical dike. To visualize this, we constructed figures 21 and 22, plotting the 
evolution of absolute and relative levels of stress during 1989-1991 on a fixed reference 
frame. The lower part of the graph shows a simplification o f a magma reservoir in which 
a point located near the magma reservoir (a dike, or a system of dikes and sills) would 
feel changes in stresses related to expansion and contraction o f the reservoir. The sketch 
in the lower part o f figure 21 illustrates an expanding and contracting vertical dike. We 
believe that such movements cannot totally explain the observed stress changes in the 
NW-SE direction, whereas a less geometrically uniform system of dikes can account for 
the changes in all horizontal directions (figure 2 2 ).
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7.4. Deviation of Stresses at Redoubt from the Expected Regional Field 
Resulting from Plate Collision.
We want to determine whether the orientation of principal stress axes obtained during 
July 1991 differs from the regional stress field acting around Redoubt. Nakamura (1977) 
proposed a method for determining the orientation of average tectonic stress using surface 
features that indicate radial dike patterns of volcanoes. The method is based on the 
identification of dikes and eruption fissures from the distribution of flank craters near 
volcanoes. According to his assumption, the distribution of flank craters will be elongated 
in the direction of the maximum horizontal compression of the regional stress, and dikes 
will expand in a direction parallel to the minimum horizontal compression. The method 
has been tested at many volcanoes around the world (Nakamura et al., 1977), and in most 
places the orientations of flank craters are aligned with the expected regional horizontal 
compressive stress, due to plate convergence, including Iliamna and Spurr volcanoes, 
where alignment o f flank cones were found to be in a NW direction (Nakamura et al., 
1977). They concluded that flank craters align in the direction of plate collision.
From inversion of FPS of regional earthquakes in the vicinity of Mt. Spurr, Alaska, 
Jolly et al., (1994) found that the regional events are explained by a stress tensor with a 
near-horizontal <77 striking SE-NW (azimuth = 330°, plunge = 30°) and a near-horizontal 
03 striking SW-NE (azimuth = 221°, plunge = 39°). At Redoubt volcano, we found that 
during the 1989-1990 eruptive sequence, the orientation of principal stress axes agrees
54
with the expected orientation in the area, assuming that the regional stress field near 
Spurr and Iliamna volcanoes holds for the region near Redoubt (figure 11). During July 
1991, however, the inversion results indicate a significant departure from the expected 
values, because subsets of events in the depth range 6-9 km are explained by homoge­
neous stress tensors with a near-vertical <Ji and a near-horizontal cr or We suggest 
that this deviation is caused by decrease in pressure within the deeper portions of a 
magma reservoir located N-NW of the summit during July 1991. Similar results have 
been found at or near other volcanoes, although different processes have been suggested 
to cause the deviation of stress directions (Barker and Malone, 1991; Moran, 1994, 2000; 
Giampicolo et al., 1999). Figures 23a-b show, schematically, the orientation of principal 
stresses near Redoubt, both locally, and compared to the regional setting.
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8. Conclusions
We used the method of Gephart and Forsyth (1984) to find the best-fitting stress 
tensor for groups of fault plane solutions near Redoubt volcano. We also applied the 
cumulative misfit method (Lu and Wyss, 1995) to identify segments with different slope 
in cumulative misfit plots against earthquake number ordered by time, depth, and latitude. 
We identified at least four phases, different at the 99% confidence level, in the 
cumulative misfit vs. time curve. There is an association between these phases and the 
stages of activity in the 1989-1990 eruptive sequence at Redoubt volcano, indicating that 
the stress near the volcano changes with eruptive style. We suggest that differences in 
state of stress may exist at Redoubt between periods of dome growth and destruction and 
cessation of eruptive activity. The varying activity that occurred at Redoubt during the 
dome-building stage may represent a variable and heterogeneous state of stress. Evidence 
for this comes from the results of inversions of FPS, which reflect heterogeneities in the 
stress field. A stable and homogeneous stress field dominates during the second dome 
building stage and after the cessation of eruptive activity. The evidence for this is the 
inversion of subsets of FPS, which gave solutions with low average misfits.
We identified 2 segments, different at the 99% confidence level, in each of the 
cumulative misfit-depth and the cumulative misfit-latitude curves. Inversion of FPS 
within individual segments show that events in the range 6-9 km are explained by a
homogeneous stress tensor with a near- vertical 07 , a near-horizontal 07  striking SE-NW, 
and a near-horizontal 07  striking perpendicular to the direction of plate convergence. We 
suggest that changes in pressure of the magma reservoir underneath Redoubt may have 
caused the earthquakes around this weakened, possibly semi-emptied magma storage 
zone. Earthquakes north of 60.5° N are explained by a stress tensor that is similar to that 
for earthquakes in the depth range 6-9 km.
Differences in stress orientation were found between the period following the 
cessation of eruptive activity and July 1991. We hypothesize that this rotation in stress 
directions indicates values of absolute stress level for 07 , 07 , and 07  that are similar to 
each other, with values in the range 1818 to (1818+50+As+8s) bar. Their changes in 
position may reflect expansion and contraction of the magma reservoir located 
underneath Redoubt.
The inversion results show that earthquakes near Redoubt during July 1991 are 
explained by a stress tensor that deviates significantly from the expected regional field 
resulting from plate collision, with a near-vertical 07, and near-horizontal 0 7  and 07 
striking SE-NW and SW-NE, respectively.
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9. Suggestions for Future Research
1. We need to analyze regional earthquakes and invert for stress directions to see if 
they differ from the directions found near Redoubt, and to have a better understanding of 
regional versus local stresses. Several workers have documented apparent variations of 
stress near volcanoes, and also deviations from the tectonic stress (Ui et al., 1977; Barker 
and Malone, 1991; Moran, 1994; Jolly et al., 1994; Giampiccolo et al., 1999; Moran et 
al., 2000). For a group of earthquakes near Redoubt volcano in July 1991 we found 
indications o f deviation from the tectonic stress field.
2. More research is needed to know if the apparent deviations o f stress near Redoubt 
are common among monitored volcanoes in Alaska.The stress field at most Alaskan 
volcanoes is poorly known. McNutt and Sanchez (2000) studied composite focal 
mechanisms for earthquakes at Dutton, Pavlof, Akutan, and Makushin volcanoes and 
found that at Pavlof, Akutan, and Makushin the orientations of the P-axes deviate from 
the direction of plate convergence (see Appendix B). We point out, however, that the 
network configurations and density of stations could be a shortcoming when computing 
FPS. More stations around the volcanoes are needed to ensure better data quality and 
sufficient information to constrain fault plane solutions.
3. Little is known on deformation and stress changes caused by intrusions at Alaskan 
volcanoes. To improve our understanding of these processes, we suggest the study of
stress changes due to instrusions of simple geometrical shape using the Mogi model. 
Also, we encourage the study and modeling of stress changes caused by an opening dike, 
as well as the use of GPS (Global Positioning System) surveys around active volcanoes.
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Figure 1. Location Maps o f Redoubt Volcano, (a) Regional map with location o f Redoubt 
volcano. Arrows show the direction of plate convergence. Yellow dot marks Redoubt vol­
cano, red dots mark other volcanoes, red lines show main faults. CMF = Castle Mountain 
Fault, LK= Lake Clark Fault, (b) Local map showing topography in the Redoubt area. 
Contours are in meters. The horseshoe-shaped feature at the center marks the crater. 
Shaded oval marks the location o f the vent where domes were extruded during 1989-1990.
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Figure 2. Location o f AVO Stations and Example o f Record, (a) Location map o f AVO 
permanent network o f seismographs. Red triangle marks the summit o f Redoubt volcano. 
Solid squares mark the seismograph stations. Shading contours are in meters, (b) Vertical- 
component records o f a typical VT earthquake that occurred on 03/24/90 at 21:12, 
recorded by AVO network. ML= 0.6; Z = 7.24 km. Horizontal scale in time (s). Vertical 
scale in arbitrary units of velocity.
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Figure 3. Location of PASSCAL Stations and Example o f Record, (a) Location of 
PASSCAL temporary seismographs deployed during July 1991. Red triangle marks the 
summit o f Redoubt volcano. Stars mark the seismograph stations. Other conventions as in 
figure 2a. (b) Vertical-component record o f a typical VT earthquake that occurred on 07/ 
17/91 at 14:43. ML = 0.9; Z =  4.15 km. Conventions as in figure 2b.
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Figure 4. Location o f Earthquakes During 1989-1990. (a) Locations o f epicenters of 
earthquakes used for the analysis o f variation o f stress with time at Redoubt volcano 
during 1989-1990. Redoubt is marked by the red triangle. Yellow star marks the largest 
earthquake in the data set (see text for details). Zero depth datum is the summit crater 
floor, which is 2.3 km above sea level. Epicenters are color-coded by depth as follows: 
blue = Z < 3.5 km; green = Z  < 6.9 km; red = Z < 11.5 km. (b) E-W cross-section (A-B in 
figure 4a) o f hypocenters. Other conventions as in figure 4a. (c) N-S cross-section (A’-B’ 
in figure 4a) o f hypocenters. Other Conventions as in figure 4 b.
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Figure 5. Location of Earthquakes During July 1991. (a) Locations o f epicenters of 
earthquakes used for the analysis o f variation o f stress with depth and latitude during July 
1991. Epicenters are color-coded by depth as follows: Blue = Z  <3.2 km; green 6 .5  
km; red = Z <  10.8 km. Other conventions as in figure 4a. (b) E-W cross-section (A-B in 
figure 5a) o f hypocenters. Other conventions as in figure 5a. (c) N-S cross-section (A’-B’ 
in figure 5a) of hypocenters. Other conventions as in figure 5b.
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Figure 6 . Fault Plane Solutions at Redoubt During 1989-1990. (a) Vent-clearing and first dome-building stage, (b) Second
dome-building stage, (c) Repetitious dome-building stage, (d) Post- eruption stage. Lower hemisphere equal-area projections
are used. Dilatational quadrants are white, compressional quadrants are blue. P and T-axes are blue and white dots,
respectively. Redoubt is marked by a solid red triangle. Contours are in meters. Rose diagrams show the orientation of nodal 
planes.
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Figure 7. Fault Plane Solutions at Redoubt During July 1991. (a) Events between 0 and 6 .4  km depth, (b) Events between 6 .4  
and 11 km depth. Lower hemisphere equal-area projections are used. Dilatational quadrants are white, compressional 
quadrants are red. P and T-axes are red and white dots, respectively. Other conventions as in figure 6 a.
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Figure 8 . Principal Stress Directions Estimated From 212 FPS. 1989-1990.
Stereographic projection o f the principal stress directions estimated by inversion o f 212 
FPS during 1989 - 1990. The range o f orientations within the 95% confidence limits are 
shown, as well as computed values o f R, <)>, and The histogram shows the distribution 
o f R  values. Green circles, and blue and red crosses, are range of possible orientations for 
the direction o f the maximum a h intermediate a 2, and minimum c 3 principal stress 
axes. Black circle, and crosses are the directions o f stress for the best fitting model.
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Figure 9. Individual Misfits o f FPS During 1989-1990. (a) Map o f individual misfits of 
FPS during 1989-1990. The color-coded misfit o f each FPS with respect to a test tensor is 
plotted. Small and black symbols are small misfits, large and light grey symbols are large 
misfits. Redoubt is marked by a red triangle. Dotted line shows the orientation o f cross- 
section. (b) Cross-section of misfits (A-B in figure 9a). Red star marks the largest 
earthquake. Other conventions as in figure 9a.
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Figure 10. Cumulative Misfit vs. Time during 1989-1990. (a) Cumulative misfit vs. 
number o f earthquakes, ordered by time, for earthquakes during 1989-1990. Black 
dotted lines show the phases proposed. Vertical black lines show the event were the 
change in slope occurs. Capital letters denote the stages o f activity at Redoubt as 
described by Power et al. (1994). A: vent-clearing stage, from 12/14/89 to 
12/19/89; B: first dome-building stage, from 12/19/89 to 1/2/90; C: second dome- 
building stage, from 1/2/90 to 2/15/90; D: repetitious dome-building stage, from 
2/15/90 to 6/15/90; E: post-eruption stage, from 6/15/90 to 10/1/90. Vertical red 
lines show the limits between stages. Vertical dotted red lines show the estimated 
time o f growth for dome number 14, which was not destroyed and signaled the end 
of the eruptive activity, (b) Schematic representation o f the misfit between a FPS 
and the geometry expected from a stress model.
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Figures lla -g . Principal Stress Directions as a Function o f Time, 1989-1990. 
Stereographic projections o f principal stress, estimated by inversions of FPS as a function 
o f time. Data for the period 1989-1990. Stress directions obtained by inverting all FPS (a, 
b, d, f) and subsets within each phase (c, e, g) are shown. “Phase” refers to individual 
segments identified in figure 10. Conventions as in figure 8 .
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Figures 12. Maps of Individual Misfits for Each Phase Identified in Figure 10. (a-d) Maps 
and cross-sections of misfits, during 1989-1990, for events within individual segments of 
figure 10. Test tensor as in figure 9. Boxes show the regions where subsets o f FPS were 
selected. Other conventions as in figures 9a and 9b.
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Figure 13. Principal Stress Directions Estimated From 96 FPS, July 1991. 
Stereographic projection of the principal stress directions estimated by 
inversion o f 96 FPS during July 1991. Conventions as in figure 8 .
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Figure 15. Cumulative Misfit vs. Depth During July 1991. Cumulative misfit 
vs. number of earthquakes, ordered by depth, for earthquakes during July 1991. 
Black dotted lines show the segments proposed. Vertical black line shows the 
event were the change in slope occurs. For information on the nature of errors 
involved in this plot see figure 10b.
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Figures 14. Individual Misfits o f FPS During July 1991. (a) Map and (b) cross-section of 
individual misfits o f FPS during July 1991. Conventions as in figures 9a-b
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Figures 16. Principal Stress Directions as a Function o f Depth, July 1991.
(a-d) Stereographic projections o f principal stress directions, during July 1991, esti­
mated by inversions of FPS within individual segments o f figure 15. Stress directions 
obtained by inverting all FPS (a, c) and subsets within each segment (b, d) are shown. 
Conventions as in figure 8 .
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Figures 17. Maps of Individual Misfits for Each Phase Identified in Figure 15.
(a-b) Maps and cross-sections of misfits, during July 1991, for events within individual 
segments of figure 15. Boxes show the regions from which subsets o f FPS were 
selected. Other conventions as in figures 9a-b.
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Figure 18. Cumulative Misfit vs. Latitude During July 1991. Cumulative 
misfit vs. number of earthquakes, ordered by latitude, for earthquakes during 
July 1991. Conventions as in figure 15.
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Figure 19. Principal Stress Directions as a Function of Latitude, July 1991.
(a-d) Stereographic projections o f principal stress directions, during July 1991, estimated 
by inversions o f FPS within individual segments o f figure 18. Stress directions obtained 
by inverting all FPS (a, c) and subsets within each segment (b, d) are shown. Conventions 
as in figure 8 .
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Figure 20. Maps of Individual Misfits for Each Phase Identified in Figure 18.
(a-b) Maps and cross-sections o f misfits, during July 1991, for events within individ­
ual segments o f figure 18. Boxes show the regions were subsets o f FPS were selected 
from. Other conventions as in figures 9a-b.
NE-SW. The assumed value o f vertical load (overburden) is 1818 bars at 7 km depth (see discussion). Green, blue, 
and red lines are drawn at the approximate value o f a 2, and o 3 principal stresses during each phase o f activity. 
Length o f colored lines is proportional to duration o f each phase. Vertical dotted lines show the period were no data 
was analyzed. Lower diagrams show a scheme o f expansion and contraction o f a dike, or tabular magma body 
(hatched region oriented NW-SW, map view). Solid lines around this oval represent randomly oriented faults. Red 
triangle marks the location of Redoubt volcano.
Figure 22. Change in Stress at Redoubt. Model II: Expansion o f Multiple Dikes. The change in absolute and 
relative values of stress level near Redoubt is better explained by the expansion and contraction o f a complex 
system of dikes and sills within the magma reservoir (sketch shown below). Conventions as in figure 21.
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Figure 23. Local and Regional Orientation of Stresses, (a) Map and cross section of 
directions of stress estimated by inversion of FPS during July 1991. The general 
directions o f stress as described in figures 17 and 20 are shown. Hollow arrows indi­
cate principal stresses directions. Triangle marks the location o f Redoubt volcano. 
Dotted line shows the orientation of cross section, shown to the right. Boxes enclose 
the regions sampled by earthquakes whose inversion yielded the lowest average 
misfits, (b) Sketch of the directions of principal stress near Redoubt, compared to 
expected stress directions resulting from plate collision. Large hollow arrows indicate 
direction of plate convergence.
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Figure 24. Change in Stress with Time and the Rate and Volume o f Magma Supply, 
(a) Cumulative misfit vs. time (this thesis). Conventions as in figure 10. (b) 
Cumulative volume of andesitic dome material erupted at Redoubt volcano during 
dome-growth period extending from December 21, 1989, to mid June, 1990. I, II, 
and III refer to different segment o f dome growth discussed in text. Error bars on 
volumes for domes 3-13 represent arbitrary estimates. A-A’ is least-squares fit for 
domes 3-13. (Caption and figure From Miller, 1994).
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Appendix
Appendix A. Summary of Information About Data Used.
For 212 earthquakes recorded by AVO permanent network (Dec. 1989 - Dec. 1990)
STDR
Average 
Astrike, Adip, 
Arake 
(degrees)
Number of 
Readings Ndisc/Npol
ERH
(km)
ERZ
(km)
Range 0.41 - 0.84 0.00 - 32 6 - 1 4 0 .0 0  - 0 .2 0 0.40 - 3.20 1.10-3.70
Average 0.60 12.67 7 0.04 0.92 1.78
Comment
111 FPS with 
STDR above 
average
119 FPS with 
uncertainties 
below average
59 FPS with 8 
or more 
readings
148 FPS with 
ratio below 
average
147 FPS with 
ERH below 
average
117 FPS with 
ERZ below 
average
For 96 earthquakes recorded during the deployment of July 1991
Range 0.42 - 0.90 0.00 - 44.33 6 - 2 5 0.00 - 0.24 0 .2 0  - 2 .2 0 0.10-1 .40
Average 0.72 16.42 10 0.04 0.38 0.63
Comment
60 FPS with 
STDR above 
average
53 FPS with 
uncertainties 
below average
33 FPS with 
11 or more 
readings
63 FPS with 
ratio below 
average
55 FPS with 
ERH below 
average
6 6  FPS with 
ERZ below 
average
--------------------------
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We used first motion data for earthquakes at four Alaskan volcanoes, namely, Pavlof, 
Dutton, Akutan and Makushin and computed composite focal mechanism solutions for 
groups of earthquakes recorded between August 1996 and September 1998. The 
composite focal mechanisms at the four volcanoes show considerable variation. For a 
group of three events at Pavlof volcano we found a composite solution that represents 
thrusting, with nodal planes striking WNW. This may represent dominantly 
compressional stresses prevailing in the area oriented about 40 degrees off the direction 
of plate convergence. At Dutton volcano, solutions were computed for two different 
clusters of earthquakes. The solution for a cluster located NW of the summit represents 
thrust faulting with the pressure axis oriented parallel to the direction of plate 
convergence. For Akutan volcano, the solution for a cluster located east of the volcano 
represents normal faulting with the pressure axis oriented orthogonal to the direction of 
plate convergence. The solution for another cluster located NW of the summit shows 
strike-slip faulting and pressure axis oriented in the E-W direction. Based on both of 
these observations we suggest that local stresses may dominate at Akutan volcano, since 
the P axes appear to be unrelated to plate convergence. At Makushin volcano we obtained 
constrained solutions for three clusters. For a cluster located NE of the summit we found 
strike-slip faulting with a normal component and the pressure axis nearly parallel to the 
direction of plate convergence. For the cluster located east of the summit, the solution is 
strike- slip faulting with the pressure axis oriented SE-NW (subparallel to plate
Appendix B. Focal Mechanims at Other Alaskan Volcanoes.
convergence). For a cluster located NW of Makushin’s summit the composite solution 
shows thrust faulting with the pressure axis oriented SE-NW. Again this suggests local 
stresses superimposed on those due to plate convergence.
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